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Abstract. Spatial distributions of the large-scale Birke- current patterns. Consistent with the observations, the sim-
land currents derived from magnetic field data acquiredulation does not show a significant dependence of the total
by the constellation of Iridium Communications satellites current onMa.

have been compared with global-magnetosphere magnet
hydrodynamic (MHD) simulations. The Iridium data, span-
ning the interval from February 1999 to December 2007,
were first sorted into 45wide bins of the interplanetary
magnetic field (IMF) clock angle, and the dependencies of
the Birkeland currents on solar wind electric field magni-
tude, Ey,, ram pressurepsw, and Alfven Mach numbetMa, 1 Introduction

were then examined within each bin. The simulations have

been conducted at the publicly-accessible Community CoGlobal simulations are becoming the research tool of choice
ordinated Modeling Center using the University of Michi- for exploring and understanding state and dynamics of plan-
gan Space Weather modeling Framework, which features &tary magnetospheres. The physical processes in the cou-
global magnetosphere model coupled to the Rice ConvectioRled solar wind-magnetosphere-ionosphere system can be
Model. In excess of 120 simulations with steady-state condi-simulated using a variety of modeling techniques, which
tions were executed to yield the dependencies of the Birkeare coarsely divided into three categories: full particle sim-
land currents on the solar wind and IMF parameters of theulations (e.g.,Pritchett 2003, which treat both electrons
coupled model. Averaged over all IMF orientations, the sim-and ions kinetically; hybrid simulations (e.gVinske et al.
ulation reproduces the Iridium statistical Birkeland current 2003, in which ion motion is kinetic while approximating
distributions with a two-dimensional correlation coefficient electrons as a conducting fluid; and magneto-hydrodynamic
of about 0.8, and the total current agrees with the climatol-(MHD) simulation (e.g.Raeder2003, which assume fluid

ogy averages to within 10%. The total current for individ- motion of both ions and electrons. The practicability of a
ual events regularly exceeds those computed from statisticadimulation tool for a particular environment is predominantly
distributions by factors of2, resulting in larger disparities determined by the ability to meet the computational require-
between observations and simulations. The simulation rements, which scale, among other parameters, with the size
sults also qualitatively reflect the observed increases in totaPf the simulation volume. At Earth, the dimensions of the
current with increasingty; and psw, but the model underes- magnetotail are so large that fully kinetic and hybrid simula-
timates the rate of increase by up to 50 %. The equatorwardions of the entire magnetosphere are computationally unfea-
expansion and shift of the large-scale currents toward noorsible at this time. However, as a result of recent advances in

observed for increasinBy; are also evident in the simulation computing technology and parallelization of the simulation
codes, MHD global simulations of the terrestrial magneto-
sphere are now well within reach, and community access to
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BY (haje.korth@jhuapl.edu) nate Modeling Center (CCMC), has become commonplace.

Published by Copernicus Publications on behalf of the European Geosciences Union.

(keywords. lonosphere (lonosphere-magnetosphere interac-
tions) — Magnetospheric physics (Current systems) — Space
plasma physics (Numerical simulation studies)



http://creativecommons.org/licenses/by/3.0/

1810 H. Korth et al.: Global Birkeland currents comparison

Because of the increased popularity these simulations enjoRRidley et al, 2001, Shao et al. 2002 Yu and Ridley
in attempting to understand the natural system and becausz008 Yu et al, 2010. From the simulations, the ground
the simulations can only approximate the physics of the coumagnetic perturbations are computed from two-dimensional
pling between solar wind, magnetosphere, and ionosphere, Biot-Savart integration over the ionospheric toroidal cur-
is important that the model output is validated against obserrents Fukushima 1976 Raeder et al.20018. The tech-
vations on a global scale and for a wide range of boundarynique depends critically on estimates of ionospheric con-
conditions. ductance and is therefore most suitable for use on the day-
A number of studies comparing products of MHD mod- side, where the conductance is produced predominantly by
els with observations have been carried out in the pastsolar extreme-ultraviolet radiation. Nevertheless, the near-
Early studies compared magnetic field and plasma parameontinuous availability of magnetic field observations from
eters along single spacecraft trajectories (d=¢ank et al. over 200 ground station&ferloey, 2009, probing the simu-
1995 Raeder et al.1997 Palmroth et al.2001). However, lation space on a scale similar to that of auroral observations,
interpreting the results of these comparisons to identify spemakes them attractive for evaluating the global models.
cific areas where the models should be improved proved to be More recently, climatology averages of in-situ plasma
difficult because the observations sampled only a small fracand magnetic field observations in the magnetosphere from
tion of the simulation volume. As a result, there remained anmulti-year satellite missions have been used for compara-
ambiguity in distinguishing between missing or incompletely tive studies with MHD simulations (e.gGuild et al, 2008
implemented dynamics in the simulation and displacement irDaum et al. 2008. These data sets extend the spatial cov-
time or location of the relevant process in the simulation rel-erage of single satellite trajectories, and the averaged plasma
ative to the point of observation. moments and vector magnetic field can be compared directly
Comparisons of simulation results with two-dimensional to the simulation variables. Validation studies based on these
distributions of auroral emissions offered the advantage ofdata sets have shown that state-of-the-art MHD models are
providing coverage that maps to a large portion of simula-capable of reproducing the large-scale features of the mag-
tion space Goodrich et al. 1998 Rae et al.2010. How- netosphere. However, the above climatological data sets can
ever, significant uncertainties in the analysis may result fromonly provide insight into the average conditions within the
the indirect relationship between the observed and simulatethagnetosphere and do not allow individual states of the so-
quantities, namely auroral emissions and particle precipitaiar wind-magnetosphere-ionosphere interaction to be distin-
tion, because the physical processes in the auroral accelerguished.
tion region linking these quantities are not well enough un- Direct comparisons of the instantaneous magnetospheric
derstood to be captured in a predictive modedi{son etal.  state that are (1) global in nature, (2) do not rely on sup-
1998 Ergun et al.2002). Hence it can be difficult to deter- plemental assumptions to relate simulation results and ob-
mine whether discrepancies between observed and predicteservations, and (3) allow different solar wind driving con-
emissions imply errors in the technique for estimating auroraditions to be distinguished, can be made with estimates of
missing plasma populations in the simulation, or importantfield-aligned Birkeland currents. Birkeland currents play a
differences in magnetospheric electrodynamics. fundamental role in conveying stress between magnetosphere
Two-dimensional distributions of simulated and observedand ionosphere and their distribution reflects the dynamic
guantities have also been compared by use of integratedtate of the coupled system. They are therefore an ideal
quantities. Palmroth et al(2005 compared the total Joule diagnostic quantity to benchmark model performance. The
heating in the Northern Hemisphere from the Grand Unifiedmagnetic perturbations associated with the Birkeland cur-
Magnetosphere lonosphere Coupling Simulation (GUMICS-rents are sampled globally by the constellation of Iridium
4) with estimates computed from electric fields measured byCommunications satellitesAfiderson et a).2000, which
the Super Dual Auroral Radar Network (SuperDARN) and consists of 66 satellites in six 780-km altitude, circular
Pedersen conductances inferred from POLAR ultra-violetpolar orbit planes. Current density distributions are rou-
and X-ray images. These authors found that the temporalinely derived from the Iridium engineering magnetometer
variability in that simulation resembles the observations quitedata using the approach detailed Waters et al.(2001).
well, while the Joule heating magnitude in the simulation is The uncertainty of the derived Birkeland current densities
about a factor of 10 lower than observed. Similar underestiwas established b¥orth et al. (2004. Statistical distri-
mates were obtained when the simulation results were combutions of the Birkeland currents sorted by IMF orienta-
pared to Joule heating magnitudes computed from an AEtion were compiled from “stable” current patterns identified
index-based proxyAhn et al, 1983 and using the Assimila- between February 1999 and December 2005 with no ad-
tive Mapping of lonospheric Electrodynamics (AMIE) tech- ditional assumptionsAnderson et a.2008. The results
nique Richmond and Kamidel988. not only confirmed but also improved upon previous statis-
Ground-based observations of magnetic field perturbatical models derived from Dynamics Explorer Wé¢imer,
tions induced by toroidal currents flowing in the ionosphere2001) and @rsted dataP@pitashvili et al. 2002, both of
were used to assess model performaiae(ler et a]2001h which demonstrated that the IMF orientation fundamentally
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determines the magnetosphere-ionosphere (M-I) couplings accomplished by comparing the observed dependence of
geometry. The stable current database was extended throudhe large-scale Birkeland currents on IMF and solar wind pa-
December 2007 bilorth et al.(2010, hereinafteiPl, who rameters to global simulations. The basis of the observations
examined the control of solar wind electric field, dynamic for the analysis below are the statistical result®\afierson
pressure, and Al&n Mach number on the distribution and et al.(2008 and ofP1, which define the M-I coupling geom-
intensity of the currents. It was found that the solar wind etry and intensity by means of a small set of variables rep-
electric field is the dominant factor determining the Birke- resenting the solar wind conditions, namely the IMF clock
land current intensity and that the large-scale Birkeland cur-angle and the solar wind electric field and ram pressure. The
rents shift toward the dayside and expand equatorward witlsimulations were performed using the University of Michi-
increasing solar wind electric field. The current intensity gan Space Weather Modeling Framework implemented at the
shows only a modest dependence on solar wind dynami€ommunity Coordinated Modeling Center. The Iridium con-
pressure after correcting for the solar dynamo dependenciestellation and database are described in 2eand the global
Finally, normalizing the Birkeland current densities to both magnetosphere model and simulation runs are presented in
the median solar wind electric field and dynamic pressure efSect.3. The comparison of the observed solar wind con-
fects, there was no significant dependence of the Birkelandrol of the Birkeland currents with simulation results are pre-
currents on solar wind Alfén Mach number. sented in Sec4d. The results are discussed in Segiand
Global distributions of the Birkeland currents observed by summarized in Sec6.
the constellation of Iridium satellites were previously com-
pared to simulation results from the Lyon-Fedder-Mobarry
(LFM) MHD model (Fedder and Lyon1995 Fedder eta). 2 Iridium database
1995 Mobarry et al, 1996 both for steady-state intervals
with opposite sign of the IMBy (Korth et al, 2004 and for ~ This study uses a database of “stable” current distributions
magnetic cloud events with slowly rotating IMRdrth et al, identified in the Iridium data from February 1999 to Decem-
20083. The simulations were driven by solar winkl¢Co- ber 2007. The selection of these intervals from a total of
mas et al.1998 and IMF Smith et al, 1998 data from the  ~85 000 two-dimensional spatial distributions of the Birke-
Advanced Composition Explorer (ACE), located at the first land currents is described in detail Bypderson et al(2008§
Lagrangian point, L1, starting at least twelve hours prior toand inPL1 Briefly, for each one-hour interval the Iridium
the beginning of the respective event period. Comparison ofnagnetometer samples were reduced to magnetic perturba-
the observed and simulated Birkeland current distributionstion data as described #ynderson et al(2000, and Birke-
which are intimately related to the plasma drifts at the iono-land current patterns wittf4atitude resolution were derived
sphere, showed that the ionospheric convection pattern in thisom these perturbation data using the approachvaters
MHD model and its dependence on the IMF orientation iset al. (200]). Since the magnetosphere can exhibit large-
essentially correct. For southward IMF, the Birkeland total scale dynamics on time scales that are shorter than the one-
currents in the simulation were about a factor of 2 larger thanhour data accumulation time, intervals suitable for the anal-
observed, which was attributed to a combined effect of theysis were carefully selected from the overlap of the dom-
simulation overestimating the ionospheric electric field andinant large-scale current regions between consecutive one-
the Iridium fits underestimating the magnetic perturbations.hour distributions Anderson et a).2008. A fractional over-
Finally, in all events examined, the Region-2 current sys-lap of at least 45 % was required to ensure that the automatic
tem was found to be largely under-represented because thgrocedure selected only those pairs of distributions that one
magnetospheric drift physics was not included in the modelwould visually identify as consistent. In addition, plasma
This fundamental difference in the current distribution im- (McComas et a).1998 and magnetic field §mith et al,
plies that the path of current closure in the simulation de-1998 observations by the Advanced Composition Explorer
viates from that of the natural system. Therefore, faithful (ACE) satellite specifying the solar wind and IMF condi-
simulation of the magnetosphere requires the drift physics tdions at the first Lagrangian point, L1, were required to be
be included in magnetospheric global models. available. The selection criteria were met by a total of 1536
The above comparisons of large-scale Birkeland currenevents, corresponding to 4 % of the data. This set of events
observations with LFM simulation results demonstrated theis the basis for the comparisons described below.
qualification of the Iridium data set to benchmark the capa- The Birkeland currents are modulated by systematic varia-
bilities of state-of-the-art magnetospheric models and pin-tions in the ionospheric conductivity, which must be normal-
point their strengths and shortcomings. However, the studized to distinguish the solar wind control of the currents from
ies carried out thus far are not all inclusive and considerecconductance effects. The two main sources of ionization are
only a limited range of the solar wind and IMF conditions. solar extreme ultraviolet (EUV) radiation and energetic parti-
The purpose of this work is to close this gap and assess contle precipitation. Because of the uncertainties in accounting
prehensively the current state of our modeling capabilitiesfor the contribution from particle precipitation, we account
using an MHD model with wide community access. This only for conductance variations due to solar illumination (see
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P1). Solar illumination controls the Birkeland currents pri- and ionosphere modules. The global magnetosphere is sim-
marily by altering the Pedersen conductante, which can  ulated by the Block-Adaptive Tree Solar wind Roe-type Up-
be expressed in terms of the solar zenith angl&asifiussen  wind Scheme (BATS-R-US) global MHD codedwell et al,

etal, 1988: 1999. The BATS-R-US model solves the ideal MHD equa-
) 5 tions in finite volume form using numerical methods on an
2P=4‘5(1_0-85" )(1+0-15”+0-05“ )/B, (1) adaptive grid composed of rectangular blocks arranged in

. e varying degrees of spatial refinement levels. The conditions
where v = =F B is the magnetic fiel . o
erev = x/90, u = F197/90, B is the magnetic field at the simulation inner boundary, located aRg3 geocen-

strength, F1o7 is the 10.7-cm solar radio flux, andis the tric distance, are determined by an ionospheric electric po-
solar zenith angle. We normalized the dayside current den- ’ y P P

sities to equinox conditions by multiplying each Birkeland E)eur'lit(l)a:: (S)?Izlﬁé’ igv:(;(;h hcgzzp;fcstr}?e ;\;‘fn'ggpfrgigo?ﬁ; zslt(;"
current distribution,j; (6,¢), with the ratio of the conduc- aligned currents rgvided by the I\F;IHD simulation using a
tance distributions at equinoXp eq(@, ¢), and at the time of 9 P y )

: _ . . semi-empirical model for the ionospheric conductariRe (
zgieozs)’eirgztiegﬁ;’_(e’d))' The normalized current density, dley and Liemohn2002 Ridley et al, 2004. The electric

potential is mapped back to the boundary where it is used
JEO,0)=ji(0,9) - Zpeq0.0)/Zp,i(0,9), (2) to compute theE x B flow of the magnetospheric plasma.
whered ands are the maanetic colatitude and local time. re- The MHD model does not account for gradient or curvature
: ¢ : \agneti o ' drifts, which dominate the plasma flow of 1-200keV ring-
spectively. Equationl)) is applicable within the solar zenith . .
currentions, and, consequently, does not adequately simulate

angle range 0< x <85°. For x > 85°, the conductance T T .

e ~__the pressure distribution in the inner magnetosphere. The
variations due to solar EUV are not expected. The normaliza- . . . .
. . . . resulting underestimate of the Region-2 Birkeland currents
tion factor is therefore set to smoothly transition to unity as

. : o : .~ was evidenced in previous comparisons of observations with
descr_lbed irP1so that the curren_t de_nsmes on the nightside simulation output from the LEM MHD modeKerth et al,
remain unaffected by the normalization.

The identified Iridium Birkeland current distributions span 2004,20083. In the SWMF v7.73 configuration used here, a

. : . more realistic representation of the plasma population in the
a wide range of solar wind conditions and can be used ta . . A
inner magnetosphere is achieved through bi-directional cou-

;?rsntutlg(;OsntgadX:;?;?eEogggsga“t?‘r; llgirgllecz)lgil dn::i?:]e??sssvterreling of the MHD simulation to the Rice Convection Model
: ' RCM) (Harel et al, 1981, Toffoletto et al, 2003 as de-

E(r)?]\g%l:) Srz ;Zudngsf:?ikl)): dv;ellﬂt}:grltﬁlé\tsgcvlzlghnthethsglr?qgw_md scribed byDe Zeeuw et al(2004. Briefly, the MHD sim-

) X y Ine IV ¢l gie 9 ulation provides estimates of the magnetic and electric fields
nitude of the solar wind electric field in the plane normal to : .
the Earth—sun li d th | ind d : and of the plasma density, velocity, and pressure moments
suere ar _Frgrr]n I‘[?\Zﬁ)ﬁdlspn obseef\c/)aztii:)xv;n they;:nzzlr? d%rr?;-esto the RCM. The RCM then uses a multi-fluid formalism to

f B.’I;SVIV' d i | ind ob ' i P id b describe adiabatically drifting isotropic particle distributions
of birkeland currents on solar wind observations Coulic D€, self-consistently computed electric field and a mag-
determined for low to moderate solar wind electric fields, netic field specified by the MHD model. Finally, the density

Ey; <4.5mVm~1, for which the number of Birkeland cur- T
L ! - N I f he RCM
rent distributions in the database was statistically S|gn|f|cantand pressure spatial distributions computed from the RC

(P1). The corresponding range for the solar wind dynamicparticle distribution functions are used to correct the plasma
pres;sure is @ pew < 4nPa. The Birkeland currents did not parameters in the MHD model, resulting in improved esti-

o . mates of the Region-2 Birkeland currents. In the coupling
show a significant dependence on solar wind AffMach ; X
. o framework, execution of the MHD and RCM models is al-
number, Ma, when normalized for both electric field and

) . ternated continuously on a simulation time scale of 10s. The
pressure effects. Nevertheless, we refdjfnas a simulation . L .

: SWMF was selected for this study because initially it was the
parameter to test the null result in the range 0/p < 11 | del available at the CCMC that offered counling of
spanned by the Iridium events. only mocdet. . . pling

global and inner-magnetospheric models, which was found
to be fundamentally important for accurate simulation of the
3 Global simulation natural system. The CCMC was chosen as the host for the
simulations because of its public accessibility and because
The simulations were performed using the University of of its infrastructure to support large numbers of simulations
Michigan Space Weather Modeling Framework (SWMF) im- on demand.
plemented at the Community Coordinated Modeling Center The parametrization of the global simulation is selected
(CCMC, http:/lccme.gsfc.nasa.ghvThe SWMF integrates to match the range of moderate solar wind conditions cor-
various numerical models from the solar corona to the up-responding to the Iridium intervals selected in Sect.To
per atmosphere into a coupled mod&bth et al, 2005. keep the number of simulations required for comparison
In this study we use a subset of this framework, which in-within reason, the simulations were executed for the IMF
cludes only the global magnetosphere, inner magnetospherejock anglesx = 0°, 45°, 90°, 135, 18, 225, 27C, and
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315 modifying one of the parametefs,;, psw, Of Ma ata  ductances, was set ®97 = 150x 10022Wm?Hz"1. Fi-
time emanating from an average magnetosphere configurazally, the solar wind velocity components ; and the IMF
tion. The state of origin for the simulations is thereby given By were set to 0 kms! and 0 nT, respectively.

by the nominal solar wind condition8y, = 2.8 mV m1, To ensure a high-fidelity representation of the magneto-
psw= 1.7nPa, andMa = 6.5, which correspond approxi- spheric state, the simulation must be allowed to settle for a
mately to the median values computed from the observationgiven set of boundary conditions. Since reaching the equi-
in PL The solar wind electric field was simulated for the librium state may require a large number of time steps, the
magnitudesEy, =1, 2, 3, and 4 mV mt, yielding 32 indi-  simulation time was chosen as a compromise between the
vidual model runs. The solar wind dynamic pressure andfinal state conditions and the computation time that can be
Alfvén Mach number were simulated fpgw=1, 2, 3, 4, dedicated to the simulation of an individual set of boundary
and 5nPa andip =2, 4, 6, 8, 10, 12, and 14, respectively, conditions. To establish the simulation time, the evolution of
resulting in 40 and 56 model runs, respectively. The totalthe Birkeland total current

number of simulations carried out for this study is thus 128. 49 23 ..
The detailed parametrization of the model runs is contained; ZZ 1j(6.9)] 5A’ (12)
in the supporting online materials. 9=1$=0 2

Prior to simulation, the physical quantities defining the _ )
Birkeland currents must be translated into the native simula\as used as a proxy for assessing the approach of the equi-

tion variables, namely, the solar wind densityy, velocity,  librium state. In Eq.12), 84 = R?5¢ 56 sind is the area el-
vsw, and the IMF components, and B,. Given the defini- ~ €ment computed using; = 6481 km for the radius of the
tions ionosphere at an assumed altitude of 110 Bgn= 1 h, and
36 = 2°. Figurel shows the total current,, from BATS-

By, = \/ By + B, (3) R-US simulations of fixed nominal solar wind conditions
Ev — ver B (4)  With IMF B, = —5nT, vgy =400 km st nsw=5cm 3, and

yz — TswEve T =2.3x 10° K with and without coupling to the RCM as a
Psw = Mpnswvgw (5) function of simulation real time. The figure shows that the

Usw./I0Nswip pure MHD model reaches the final state after as little as 1 h,

Ma = By, ’ 6) while the time to approach equilibrium is substantially pro-

) ) o longed with the bi-directional coupling between the global
whereBy is the magnitude of the magnetic field in the plane 3 inner-magnetospheric models. The total current in the
perpendicular to the Earth-Sun liney, is the proton mass, coupled simulation after 1, 2, 3, and 4h amounts to 1.31,
and o is the vacuum permeability, the simulation variables 1 43, 1.50, and 1.53 MA, respectively. At the end of the 4-h

are obtained as settling period, the total current of the steady-state simula-
MOPSW tion no longer increases monotonigally but flgctugtes by Ie;s
W= o (7)  than 1% of the total magnitude. This uncertainty in the equi-
PTATyz librium state is negligible for the purpose of this study. As-
Ve = EyzMa (8  suming the state at the end of the 4-h simulation interval is
/10 Psw approximately the equilibrium state, we find that the simula-
JHOPsw tion resembles the final state after 2 h to witkii0 %. The
Byz = M—A’ 9) error associated with limiting the simulations to 2 h of real
By = By,sina, (10) time is typically lower than the uncertainties in the analysis

of the Iridium observations discussed below. The distribu-
tions of the Birkeland current density after 1-4 h of simulated

Two-hour simulations with fixed upstream boundary condi- "€@l time are shown in Fig. Visual comparison of the cur-
tions were carried out for each set of modeled conditions'€Nt patterns in the figure suggests that the geometry of the
computed from Egs.7j—(11) on a simulation grid with~2 Birkeland (?urrents is also well estapli;hed afte_r 2h. 3ased on
million cells, the highest resolution made available for com- the analysis above, we therefore limited all simulation runs
mon public use at the time of this study. The simulation © 2h o_f regl time, and used only t_he final state, i.e., the last
requires specification of additional parameters, which wereSimulation time step, for comparative analyses.

chosen as follows. First, the dipole tilt angle was set%o 0

consistent with the normalization of the Iridium Birkeland

currents to equinox conditions. Second, the temperature of

the solar wind was approximated as 10eV, &1 10°K.

Third, the 10.7-cm solar radio flux intensity, which is used by

the semi-empirical conductance model to estimate the contri-

bution of solar EUV ionization to the Pedersen and Hall con-
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1814 H. Korth et al.: Global Birkeland currents comparison

L b b 1 L the observed and simulated current distributions within each
IMF clock angle bin. The fractional overlap,os, is defined
as

N
<)

s
3

Qos=Aos/(Ao+As— Aos), (13)

where Ap and As are the areas associated with the large-
scale currents in the observations and simulations, respec-
tively, and Aps is the area of the overlap. The fractional
overlap is computed separately for the upward and downward
current region to yield an average magnitudgys. This
technique was successfully used Agderson et al(2008
I L N I I to identify the similarity of consecutive one-hour distribu-
° % e il 200 tions of the Birkeland currents. In the computation@ss,

the areas in Eq.1Q3) were restricted to include only current
Fig. 1. Evolution of the Birkeland total current during a 4-h simula- densities larger than the mean of ther 3standard devia-
tion of nominal southward IMF conditions using the SWMF model tions obtained for each grid location in the Iridium statistics
with (solid line) and without (dotted line) coupling to the RCM. (~0.02 A m—2)_ The values Ofaosy shown for each IMF
clock angle bin in Tablel, demonstrate a significant over-
lap, ~60 %, for southward IMF orientations. For increas-

o
w0

Average Total Current [MA]
=
o
vy b v by by |l

o
o

4 Comparison of Birkeland currents with MHD ingly northward-turning IMF, the fractional overlap dimin-
simulation results ishes and reaches a minimum of 13 % for the northward di-
rection.
4.1 IMF clock angle dependence The two-dimensional discrete cross correlation of the ob-

served current density distributiofp (0, ¢) = gr; and the

We first compare the observed Birkeland current patternssimulation resultjs(0, ¢) = hy; is defined by
with those obtained from the simulations. For this we pro- b1
ceed as described bfnderson et al(2008 and sort the i
1536 two-hour distributions observed by Iridium into°45 Corr(g, h)i.j = Z Z 8i+k,j+i Nkl :g(Gk!lHk*J)i,j’ (14)
wide bins of the IMF clock angle centered &t @5°, 9C°, k=0 1=0
135,180, 225, 270, and 318. The averaged currentden- wherei and j are the lags applied tgy ;, Gk, and Hy
sity distributions within each clock angle bin are shown in gre the discrete Fourier transforms of; and i, ;, the
Fig. 3, where upward and downward currents are shown inasterisk denotes complex conjugation, ahdignifies the
red and blue, respectively, and the IMF direction for eachFourier transformRress et a).1994. The correlation coef-
distribution is indicated by the arrows in the center of the ficient betweenjo (6, ¢) and js(8, ¢) is then given by-os=
panel. Only current densities above the @onfidence level Corr(g,h)o,0, and the equatorward shift and azimuthal ro-
are shown, and black contours are placed in 0.1 T&in-  tation of the observed distribution relative to the simulation
crements to emphasize the structure in the distributions. Fojs provided by the lags associated with the maximum corre-
comparison, the current distributions obtained from the sim-ation, rosmax= Max(Corr(g,h)i,j). The correlation coef-
ulations are shown in Figt using the same format as used ficients, relative equatorward displacements, and azimuthal
in Fig. 3. The Iridium average distributions include observa- rotations are shown for all IMF clock angle bins in Tahle
tions from the full range of solar wind electric fields included Consistent with the analysis of the fractional overlap, the
in the database, i.e., 9 Ey; <4.5mVm~L. For Fig.4, we  correlation between observed and simulated current distribu-
therefore averaged the simulation results B¢ =1, 2, 3,  tions is largest;~0.8, for southward IMF and smallest0.5,
and 4mV nt* within each clock angle bin. To facilitate the for northward IMF. That both the fractional overlap and the
comparison between the distributions of Fi§sand4, re-  cross-correlation coefficients are lower for northward IMF
gions where upward and downward currents are in commorgonditions is predominantly due to smaller areas occupied
between the observations and the simulations are outlined biy the large-scale currents, for which slight relative displace-
solid red and blue contours, respectively. From visual com-ments yield a large penalty in these performance metrics.
parison of these contours we find that the simulated Birke-From analysis of the lag in the cross correlation it is evi-
land current patterns are overall in good agreement with thejent that the location of the large-scale current regions agree
Iridium average distributions. to within 2° in latitude and that, compared to the simulation,

To quantify the similarity of observed and simulated dis- the axis of symmetry observed in the Birkeland current dis-
tributions, we calculated both the average fractional over-tributions for southward IMF is rotated by as much as 1 h in
lap and the two-dimensional cross-correlation coefficient forlocal time toward pre-noon.
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00 00 00 00

Birkeland Current Density [#A/m’]
|
-0.50 -0.25 0.00 0.25 0.50

Fig. 2. Distributions of the upward (red) and downward (blue) Birkeland current density from the SWMF model with RCM cdapting,
(b) two, (c) three, andd) four hours of real time into the simulation of nominal southward IMF conditions.

Iridium Statistical Birkeland Current Distributions
Database: 1999-2007, 1536 two-hour intervals
12 12 12

Birkeland Current Density [2A/m°]

-1.00 -0.50 0.00 0.50 1.00

Fig. 3. Statistical distributions of the large-scale upward (red) and downward (blue) Birkeland currents obtained from 1536 two-hour
distributions observed by Iridium. The IMF direction projected in the Y-Z GSM plane for each distribution is indicated by the arrows in the
center. Only currents above the 2onfidence threshold are shown. The red and blue contours indicate the overlap of the large-scale upward

and downward current regions, respectively, with those obtained from the simulation.
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Birkeland Current Distributions From
CCMC BATS-R-US+RCM MHD Simulations

-0.50

Birkeland Current Density [uA/mz]

0.50 1.00

: Global Birkeland currents comparison

12

Fig. 4. Large-scale Birkeland current distributions from two-hour MHD simulations using the BATS-R-US plus RCM model running at the
CCMC shown in the same format as F&).The red and blue contours indicate the overlap of the large-scale upward and downward current

regions, respectively, with those obtained from the observations.

Table 1. Dependence of the similarity of observed and simulated Birkeland current patterns on IMF clock angle. The similarity is quan-
titatively defined by the average factional overlap of the large-scale current regigprs,and the two-dimensional correlation coefficient
computed without rotation or shiftgs. Azimuth rotation and equatorward shift shown are the lags maximizing the correlation coefficient.

IMF Clock Fractional Azimuth Equatorward 2-D Correlation coefficient
angleP]  overlapQos[%)] rotation [] shift [°] ros oS max
0 13 1 -1 0.54 0.55
45 25 0 0 0.68 0.68
90 55 21 0 0.76 0.81
135 57 17 2 0.71 0.86
180 58 14 2 0.80 0.91
225 59 10 2 0.78 0.88
270 56 8 0 0.80 0.81
315 29 21 0 0.75 0.76

Ann. Geophys., 29, 1809826 2011
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Fig. 5. Dependence of total current on solar wind electric figgz, and IMF clock angleg, for the Iridium observations (blue dots) and
the BATS-R-US plus RCM simulations (red dots). The lines of the respective color represent the linear least-squares fit functions noted at
the top of each graph.

Finally, the Birkeland total current flowing between mag- total current in downward and upward direction, respectively.
netosphere and ionosphere in the simulation was compareélso shown in Table is the ratio between the simulated and
with the Iridium average distributions. The Birkeland total observed total currentg/Io.
current was calculated from EdL3). For the observations,
only current densities with magnitudes above thec®n- 4.2 Solar wind electric field dependence
fidence level were included in the total current calculation.

The total current for each IMF clock ang|e bin is shown in The P1 statistical analysis identified the solar wind electric
Table2, the indices “O” and “S” represent the observations field as the primary quantity determining the Birkeland cur-

and simulations and the indices “down” and “up” denote therent intensity. Analysis of the dependence/obn Ey; is
therefore the natural next step in comparing the simulation

www.ann-geophys.net/29/1809/2011/ Ann. Geophys., 29, 18885-2011
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Table 2. Dependence of the Birkeland total currdnon IMF clock angle computed from the observed (index “O”) and simulated (index
“S”) Birkeland current distributions. The average total currefgsand /s, represent the averages of the magnitudes of the respective total
downward (index “down”) and total upward (index “up”) currents.

IMF Iridium BATS-R-US + RCM
Clock Io,down  Io,up Io Isdown Isup Is Is/lo
angle P] [MA] [MA] [MA] [MA] [MA] [MA] ratio
0 —-0.22 0.28 0.25 -0.11 0.12 0.12 0.48
45 —0.45 0.42 0.44 -0.27 0.40 0.34 0.77
90 —-0.93 0.83 0.88 —-0.83 0.93 0.88 1.00
135 -1.73 1.62 1.68 —-1.33 1.45 1.39 0.83
180 —-1.59 1.60 1.60 -1.67 1.67 1.67 1.04
225 —-1.36 1.39 1.38 —-1.54 1.40 1.47 1.07
270 -0.73 0.80 0.77 —1.00 0.86 0.93 1.16
315 -0.35 0.40 0.38 -0.41 0.31 0.36 0.95

with the observations. Figuteshows scatter plots of the ob- tatively, although the maximum slope in the simulation for
served total currentlo, versusEy; (blue dots) for the sta-  southward IMF (0.6 MA (mV m1)~1) is about 25 % smaller
ble intervals identified in the Iridium data set within each than observed.

IMF clock angle bin (cf.P1). The Ey, was thereby cal-
culated from ACE observations using Ed).( The statis-
tical dependence was estimated by linear least-squares fi

of these data (blue line). Shown in red are the total CUly & thereby results both in an equatorward expansion
rents of the simulations/s, and the corresponding linéar ¢ e |arge-scale currents and a shift toward the dayside.
least-squares fits. The parameters and uncertainties for thf)he technique to evaluate these parameters from the distri-
fits are provided at the top of each panel in the respectivg, iqn, of the horizontal magnetic perturbatiods, associ-
color. The total current computed for individual 2-h intervals . \ith the large-scale Birkeland currents was described
for nominal Ey, magnitudes of 2-3mV m' are noticeably ;i pq Briefly, the grid positions of the magnetic perturba-
larger than those obtained from the averaged Birkeland curgjo s \yere parameterized with a colatitude expansion factor
rent patterns noted in Tab# which is indicative for consid- ;4 a5 offset along the noon-midnight meridian. Choosing
erable variability in the current distribution among the eventsiq distribution forEy, =2 mvV m1 as the referencéB pat-

in each IMF clock angle bin. The linear fits of the sim- o, “yhe pest-fit latitudinal expansion factor and noonward
ulated total currents typically reflect the lower limit to the shift were then determined by minimizing the root-mean-
event-base current estimates, which in some cases can ey are (rms) of the vector magnetic field residuals relative to
ceed th? simulated value by a fac_tor~e5. Since the aréas e reference distribution. The above analysis is well-suited
of the simulated and observed Birkeland currents are simy,. <o, thward IME conditions, where the large-scale Birke-
ilar (cf. Figs.3 and4), this discrepancy is consistent with |5 ¢rrent are distributed over a wide range in latitude, but
previous comparisons of field-aligned current densities fromy ;.o 1y vields unreliable results for northward IMF orienta-
SWMEF simulations with CHAMP observation#/ng etal.  yjon for which the currents are concentrated at high latitudes
2008. _The I_mear f|ts of the event-ba_sed current es_t'mates(seeP]). We therefore restrict the comparison of the simu-
show disparities _W'th respect to the simulations, Wh'Ch €XJation results with the observations to the IMF clock angle
tend over the entir&y, range examined here and which con- range 96 < a < 27C°. Figure6 shows the colatitude expan-
sist of two components. First, the average observed total CUTSion as a function of., for all IMF clock angle bins with
rent in the magnetospheric ground state, i.e., in absence oéz <0nT in the samé/ format as used in Fig. Compari-

a solar wind electric, is 2—4 times larger than obtained fromSon of the observations (blue dots) with the simulation re-

the simulations. S_econd, for_ south_ward_IMF the dn‘fergnqessun (red dots) demonstrates that the simulation captures the
between observations and simulation widen further with in-

. equatorward expansion of the Birkeland current qualitatively.
creasingEy, due to the stronger dependence of the observeGrq jinear fits to these data yield observed and simulated co-

total current on this quantity. The observations show an in-54it,de expansion factors averaging 3.0 % (mvi! and
tensification of the total current with increasiy,, which 2.4% (mV nT1)~1, respectively. The observed average is el-

; —1
is strongest for southward IMF (0.8 MA (mVm)~7) and . evated by the expansion factor determineddfes 180" and
gradually weakens as the IMF turns northward. The slm-EyZ —4mvVm-L, and disregarding this data point leads to

ulation reproduces the observed dependenc&pnquali- 5 somewhat lower slope in this clock angle bin. Overall,

In addition to modulating the current intensity, the anal-
flsis in P1 showed that the solar wind electric field mod-
fles the topology of the Birkeland currents. An increase
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the equatorward expansion in the natural system is mod- 12F 557

estly (~10-20 %) larger. The shift of the large-scale currents y=a+bx,a=0.97,b=0.01

along the noon-midnight meridian is presented in Figln 1-1Fy=a+bx,a=0.95,0=0.03 :

contrast to the colatitude expansion, g statistical anal-

ysis did not reveal a definite dependence of the noonward 0 /

shift on IMF clock angle. Therefore, a single linear function ook 3

fit was estimated from all noon-shifts evaluated in the clock

angle range 90< o < 270¢° with a givenEy, magnitude. As 0.8

illustrated in Fig.7, the simulation reproduces the noonward 12F5=735°

shift of the Birkeland currents, but is, however, less pro- y=a+bx,a=0.94,b=0.03
. . e 1.1Fy=a+bx,a=0.94,b=0.03 E

nounced. While the observations show the currents shifting

duskward with increasingy, by about 0.4(mVm-1)-1,

the shift in the simulation is only about 0.gnV m~1)~1 and

thus 50 % smaller.

Colatitude Expansion Factor

Colatitude Expansion Factor
-
o
T
1

4.3 Solar wind ram pressure dependence 08 -
1.2 0L=180b

y=a+bx,a=0.92,b=0.04

Fy=a+bx,a=0.90,b=0.06

The solar wind dynamic pressurgsy, was identified inP1

to play a secondary role in controlling the Birkeland current
intensity. To determine the dependencd am psy, the ob-
served current densities must first be normalized with respect
to the solar wind electric field using the relationships given
in Sect.2. For this study, we usedy, =2.8mV m as

the reference electric field, while i1, the current densities 1.2
were normalized usindy, =2.3mV m~1. Consequently,

the normalized total currents of the observations presented
here are modestly larger than in the previous study. The so-
lar wind dynamic pressure was computed from ACE obser-
vations using Eq.5). To simulate differenps,, conditions,

the model input variables were recomputed for eaghstep
using Egs. [)—(11). Maintaining average conditions fdy, 0.8
and Mp thereby necessarily implies that the quantitigg, 1.2F075708

vsw, and By, vary in the simulation of differenpsy, values. y=a+bx,a=0.98,b=0.01
Figure 8 shows the scatter plot of the observed and simu- 11py=a+bx,a=0.98,0=0.01 E
lated Birkeland total current versuys,, sorted by IMF clock
angle in the same format as used in F3g.The Birkeland
total current is observed to increase with increagigg re-
gardless of IMF clock angle. The blue lines represent linear
fits of the observed pressure dependence, showing a maxi- 0.8

mum increase for southward IMF (0.4 MAnPg and local ° ! Ezyz [mVIrr?] ¢ °

minima in the factors of proportionality for dawnward and

duskward orientation of the IMF. The Birkeland total cur- Fig. 6. Dependence of the colatitude expansion of the large-scale
rent increase with risings is reproduced by the simulation. Birkeland current distribution_o_n solar wind glectric field,z, and
Similar to the observations, the simulation shows the maxi-”v”: clock angle,«, for the Iridium observations (blue dots) and
mum rate of increase for southward IME. However, the ratethe BATS-R-US plus RCM simulations (red dots). The lines of the

. . respective color represent the linear least-squares fit functions noted
increase is only half that observed (0.2 MA nPa Further- at the top of each graph.

more, in contrast to the observations, the minimum increase
of I with psyw was obtained for northward IMF rather than
for dawnward and duskward IMF directions.

Colatitude Expansion Factor
-
o

0=225°
y=a+bx,a=0.94,b=0.03
1.1Fy=a+bx,a=0.96,b=0.02

Colatitude Expansion Factor
-
o
T
1

0.9F E

Colatitude Expansion Factor
=)
\

the magnetosheath plasma beta, which in turn controls the re-
4.4 Solar wind Alfvén Mach number dependence connection efficiencyAnderson et a].1997. The reconnec-

tion efficiency is known to control the magnetospheric elec-
In P, it was initially anticipated that the Birkeland total cur- tric potential Siscoe et a).2002ha), which, during nominal
rent also depends on the solar wind Alfv Mach number, solar wind driving conditions, equals the ionospheric electric
Mp. The reason for this assumption was thgt regulates  potential that is proportional to the Birkeland current density.
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4 y pas. formations in response to the IMB;,. Finally, the NBZ cur-
90 <b°‘ <—27C?36 b=0.18 E rent system observed during northward IMF at high latitudes

3 ?g;gibi’giojz’b;o'sg E is reflected in the simulation output. A feature persistently
’ T ° observed in the Birkeland current distributions during south-

2 3 E ward IMF is a clockwise rotation of the distribution symme-

try axis by about 1-h of local time with respect to the noon—
midnight meridian. This bias to the reconnection geometry is
not reproduced by the simulation, implying a modest differ-
ence in the convection pattern compared to the natural sys-
E . . . ; E tem. A possible reason for the discrepancy is the assump-
0 1 2 3 4 5 tion of vy = 0km s~1 in the simulation. Quantitative analysis
Eyz [mV/m] of the cross-correlation between the observed and simulated
Birkeland current patterns yielded an average 2-D correlation
Fig. 7. Dependence of the noon-midnight shift of the large-scale coefficient of~0.8, with higher correlation found for south-
Birkeland current distribution on solar wind elec.trilc fieldyz, for ward IMF conditions. Thus, small differences in symmetry
the IMF clock angle range 90< o < 27C°. The Iridium observa- = ,qjqe the simulation reproduces the Iridium climatology, re-

tions and the BATS-R-US plus RCM simulations are represented by, . ) . - )
blue and red dots, respectively. The lines of the respective color re flecting average states of M- coupling geomeiry, and fis de

resent the linear least-squares fit functions noted at the top of eaCRendence on IMF orleptatlon rgasongbly well.
graph. The total currents in the simulation match those com-

puted from the Iridium climatology generally well. The total
current for northward IMF is significantly smaller than for

However, no such dependence was detected in the range §puthward IMF so that the absolute differences between ob-
modest solar wind conditions examined for the possible reaservations and simulation, which are of similar magnitudes
sons discussed iRL Here we test the simulation against @s encountered for southward IMF, carry a much larger rela-
the observed null result. For comparison with the simula-tive weight. As a result, the observed total current for north-
tion, the Birkeland current densities were normalized to so-ward IMF is about a factor of 2 larger than the simulations
lar wind electric field and ram pressurefgf, = 2.8 mV m—1 show. Averaged over all IMF clock angle bins, the simula-
andpsw= 1.7 nPa, respectively. Subsequenfy was com-  tion underestimates the total current derived from the Iridium
puted for each event from ACE observations using Byj. ( Climatology averages by10%. The simulation thus mim-
Figure9 shows the scatter plot of the observed Birkeland to-ics the average intensities of the M-I interaction with only
tal current (blue dots) versuga sorted by IMF clock angle modest underestimation.
in the same format as used in Flg. The linear fits of the The Birkeland total current computed for individual events
observed dependence bbn Mx exhibit slopes that are for frequently deviates from the Iridium climatology in magni-
most clock angles near or below the 2onfidence limit of ~ tude (cf. Table2) and furthermore exhibits significant vari-
the fit. As discussed iR1, a correlation between these quan- ability with respect to the statistical average (cf. Fp. The
tities does either not exist or is too small to be resolved by theevent-based and climatology-derived current estimates typi-
Iridium data set. Within each panel, the total current from cally differ by a factor of~ 2, although the former can ex-
the simulation forEy, = 2.8mVmL, pg,=1.7nPa, and ceed the latter by factors up te5 for some events. Because
Mp =2, 6, 10, and 14 are shown as red dots. In agreemerme glObal model was found to be consistent with the Irid-
with the observations, the dependencé ofi M in the sim-  ium climatology, this disparity also extends to the simulation
ulation is also weak and Comparab|e to the observations. results. It should be noted that the assessment for the dis-
parity between the Iridium observations and the model out-
put is likely conservative because previous comparisons of
5 Discussion fits of the Iridium magnetic perturbations with in-situ data
from @rsted and DMSP showed that the Iridium fitted peak
The qualitative and quantitative comparisons of observed ananagnetic perturbations are typically 30-50 % too Id¢o{
simulated Birkeland current distributions conducted within rth et al, 2004 2005 2008ab). Similar uncertainties apply
this study have illustrated a number of similarities and dif- to the total current derived by integration over the Northern
ferences, which are discussed below. Visual comparison oHemisphere. Thus, while the M-I coupling geometry and
Figs.3 and4 shows that the simulated Birkeland current pat- intensity of the average magnetospheric configuration is fa-
terns are overall in good agreement with the Iridium climatol- vorably reproduced by the simulation, the static global model
ogy averages. Owing to consideration of drift physics in theoften falls short in its ability to predict the degree of coupling
inner magnetosphere, the simulation captures both Regiomnsbserved for a particular state. It is possible that the variabil-
1 and Region-2 Birkeland currents for southward IMF. The ity of the IMF, which is not included in the static simulations
simulation also reproduces the observed characteristic trangut, although reduced to the extent possible, is inherently

Noon Shift [deg.]
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Fig. 8. Dependence of total current on solar wind ram presswg, and IMF clock angleg, for the Iridium observations (blue dots) and
the BATS-R-US plus RCM simulations (red dots). The lines of the respective color represent the linear least-squares fit functions noted at
the top of each graph.

present during the Iridium intervals identified as stable in thischange differs and, compared to the observations, is typically
study, yields stronger and more variable Birkeland currents25 % lower in the simulation. As argued, the Birkeland
Testing this hypothesis requires a statistical comparison oturrent densityjy;, is related to the solar wind drivers by

the observations with event-based simulations, which is be-

yond the scope of this study. Jr~ ESWpSW frF(a) (15)

The simulation captures the trend in the dependence of theluring moderate solar wind conditions (see @gxoe et aJ.
Birkeland total current on the solar wind electric field. Both 2002ab). In Eq. (15), Esw and psy are the magnitudes of
observations and simulation results show the total current tdhe solar wind electric field and dynamic pressure, respec-
increase with risingty; (cf. Fig. 5). However, the rate of the tively, f; is the reconnection efficiency, aft{c) represents
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Fig. 9. Dependence of total current on solar wind AfvMach numberMa, and IMF clock angleg, for the Iridium observations (blue
dots) and the BATS-R-US plus RCM simulations (red dots). The lines of the respective color represent the linear least-squares fit functions
noted at the top of each graph.

the clock-angle dependence of magnetic reconnection, whemnagnetic reconnection in the natural system differs from that
F(0°) =0 andF(180) =1. Since the Birkeland total cur- inthe simulation, a disparity in the total current dependence
rentis the areal integral gf, the reconnection efficiency rep- on Ey; is not unexpected. In the future, the Iridium observa-
resents the factor of proportionality between this quantity andtions can serve a useful reference for parametric studies, such
the solar wind and IMF properties. In the natural system, theas the numerical considerations examinedRigtley et al.
efficiency of magnetopause reconnection is controlled by thg2010, aiming at simulating the interaction between solar
magnetic field and plasma conditions near the reconnectiomvind and magnetosphere more accurately and thus improve
site (Siscoe et a).2002h. In the simulation, reconnection the performance metrics of the model.

is not driven by physical processes per se but instead by nu- The observed total current intensification with increas-
merical diffusion Raeder1999. Since the mechanism for ing solar wind dynamic pressure is also reproduced by the
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simulation. Although the rate of increase in the total cur- (Ridley et al, 2010. Furthermore, Region-2 currents in the
rent differs between the simulation and the observations byMHD model are driven by pressure gradients generated by
about a factor of 2, both data sets contrast the decrease ithe inner-magnetosphere model. Assuming that the numeri-
the total current with increasingsy predicted by Eq.15). cal dissipation in the inner-magnetosphere and MHD codes
It was suggested i1 that a portion of the Birkeland cur- is similar, the field-aligned currents in the inner magneto-
rents is generated by viscous interaction and this contribuspheric and MHD models are equivalent. However, this cou-
tion is not included in Eq.15). This interpretation was pling scheme breaks down when pressure gradients in the
supported by the fact that the total current dependence oimner magnetosphere extend to radial distances below the
psw IS weakest for dawnward and duskward IMF orienta- simulation inner boundary, because the magnetic field distor-
tions, for which the magnetosphere is least susceptible tdions associated with the diamagnetic currents cannot be ad-
the Kelvin-Helmholtz instability, which presumably drives equately modeled. Above, only two of many ways in which
the viscous dynamoAkford and Hines 1961). However, the model implementation affects the simulation results are
this interpretation does not apply to the simulation. Two- mentioned. In this study, we have identified both similari-
dimensional MHD simulations of the Kelvin-Helmholtz in- ties and differences between model and observations, and it
stability by Nykyri and Otto(2001) have shown that the spa- is hoped that our results prompt investigations into the origin
tial scales of the resulting plasma vortices are of the orderof the latter.

of hundreds of kilometers. Since these structures are much

smaller than the simulation grid resolution at the flanks of the

magnetopause, which ranges from ORZ5at the dawn-dusk 6 Summary and conclusions

terminator to 2Rg at locations 2Rg downtail, the Kelvin-

Helmholtz instability cannot be resolved by the global MHD We have compared statistical dependencies of the Birkeland
model. Furthermore, minima in the total current dependenceurrents on solar wind parameters, which were derived from
on psw are obtained for northward and southward IMF, in- Iridium distributed magnetic perturbation data and discussed
consistent with Kelvin-Helmholtz waves, which maximize by Korth et al.(2010), with a global MHD simulation results.
under these IMF orientations. Thus, the total current inten-The simulations were conducted at the publicly-accessible
sification with increasings,, seen in the simulation results Community Coordinated Modeling Center using the Univer-
cannot be attributed to viscous interaction contributing to thesity of Michigan Space Weather Modeling Framework with
generation of the Birkeland currents. It is possible that prescoupling to the Rice Convection model. The key findings
sure enhancements lead to higher stresses in the coupling bom the comparison are:

tween magnetosphere and ionosphere, which are mediated

by an increased flow of Birkeland currents. In specific, as ar- 1. The global model reproduces the Iridium statisti-

gued byPalmroth et al(2004, the plasma sheet pressure is
in balance with the solar wind pressure (see @soovsky

et al, 1998, so that variations in solar wind pressure in-
directly modify the Region-2 Birkeland current densities as
JI,r2x VV x VP, whereV and P are the flux tube volume
and inner-magnetospheric pressuvadyliunas 1970, re-

spectively. Such process is not considered in the Hill model 2.

of the transpolar potential represented by BEdp)( There-
fore, deviations of the observed and simulated pressure de-
pendencies of the total current from predictions of the sim-
plistic Hill model are conceivable due to incomplete imple-
mentation of the physical processes of the natural system.
The model’s ability to reproduce the natural system de-
pends critically on the implementation details of individual

model components and of the coupling between these mod- 3.

ules. While field-aligned currents are computed in both the
inner-magnetosphere and global MHD modules, only cur-
rents from the MHD module are used as input parameters
to the ionospheric electrodynamics module. In the MHD

model, field-aligned currents are generated locally where

curls exist in the magnetic field and flow along magnetic 4.

field lines to the simulation inner boundary. If the grid cells
in the simulation are not small enough, the simulated cur-
rents can diffuse and close prematurely in the magnetosphere

www.ann-geophys.net/29/1809/2011/

cal Birkeland current patterns well, showing a two-
dimensional correlation coefficient 6f0.8 averaged of
all IMF clock angles bins. The simulation modestly un-
derestimates the total current intensity of the Iridium cli-
matology by<10 % on average.

The current intensity for individual events may devi-
ate significantly from the climatology averages. Conse-
quently, it is not uncommon for the observed total cur-
rent to exceed this quantity in the simulation by factors
of >2. Considering that the Iridium-based estimates are
up to 50 % lower than the true total current, our assess-
ment of the disparity is likely conservative.

The Birkeland total current increase with rising solar
wind electric field magnitude and ram pressure is qual-
itatively reproduced by the model, but the rate of in-
crease is observed to be twice that reported by the sim-
ulation.

The observed equatorward expansion and noonward
shift of the Birkeland currents with increasing solar
wind electric field are also evident in the simulation re-
sults but are not as pronounced.
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5. Consistent with the observations, the simulation doesBorovsky, J. E., Thomsen, M. F., and Elphic, R. C.: The driving
not show a significant dependence of the total current of the plasma sheet by the solar wind, J. Geophys. Res., 103,
on solar wind Alf\én Mach number. 17617-17639, 1998.

Carlson, C. W., McFadden, J. P,, Ergun, R. E., Temerin, M., Peria,

The purpose of this study is to present an example for a W., Mozer, F. S., Klumpar, D. M., Shelley, E. G., Peterson, W. K.,

comprehensive and objective assessment of global magne- Moebius, E., Elphic, R., Strangeway, R., Cattell, C., and Pfaff,

tosphere simulation tools with focus on a particular set of E;elr:gest'{: Ozzg‘r’g“glgit'%;hse‘::]‘;"sn"‘[’)aar;ﬁ;rsg‘i‘;?;eé‘:ofg'(;rr‘]:d
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able through the Active Magnetosphere and Planetary Elecpe zeeuw, D. L., Sazykin, S., Wolf, R. A., Gombosi, T. I., Ridley,

trodynamics Response Experiment (AMPERE). These data A. J., and Toth, G.: Coupling of a global MHD code and an
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